Bulk Dirac electron systems have attracted strong interest for their unique magnetoelectric properties as well as their close relation to topological (crystalline) insulators. Recently, the focus has been shifting toward the role of magnetism in stabilizing Weyl fermions as well as chiral surface states in such materials. While a number of nonmagnetic systems are well known, experimental realizations of magnetic analogs are a key focus of current studies. Here, we report on the physical properties of a large family of inverse perovskites A 3 BO (A = Sr, Ca, Eu/B = Pb, Sn) in which we are able to not only stabilize 3D Dirac electrons at the Fermi energy but also chemically control their properties. In particular, it is possible to introduce a controllable Dirac gap, change the Fermi velocity, tune the anisotropy of the Dirac dispersion, and-cruciallyintroduce complex magnetism into the system. This family of compounds therefore opens up unique possibilities for the chemical control and systematic investigation of the fascinating properties of such topological semimetals.
INTRODUCTION
Three dimensional Dirac electrons in condensed matter physics have attracted significant interest 1-3 due to a range of unusual electric and magnetic properties they display. The most easily accessible phenomena are those arising from the unusual single particle excitation spectrum [ Fig. 1(a) ], combining a vanishing Fermi wave vector k F with a finite Fermi velocity v F . The ratio v F /k F is, for example, directly proportional to the mobility μ and diverges in the case of Dirac electrons upon approaching the Dirac point energy ε D . A second more unique class of phenomena are those rooted in the Berry curvature, originating from the inherent pseudospin degree of freedom of Dirac dispersions. 3 In addition, Dirac electrons form the starting point for the creation of Weyl fermions lacking Kramers degeneracy via either (i) time reversal symmetry breaking [4] [5] [6] [7] [8] [9] [10] [11] or (ii) the combined effect of inversion symmetry breaking and spin orbit coupling. 12 A number of "clean" 3D Dirac and Weyl electron systems [13] [14] [15] [16] [17] [18] are known in which Dirac and Weyl fermions exist at the Fermi energy E F . The current focus is on identifying materials in which Weyl points are stabilized by magnetism [4] [5] [6] [7] [8] with recent observations of key experimental signatures by angular resolved photoemission spectroscopy (ARPES) 9,10 and scanning tunneling microscopy (STM). 11 However, there are only limited material classes in which chemical substitution can be used to, e.g., (i) continuously tune the physical properties of Dirac and Weyl fermions, (ii) study topological phase transitions between, e.g., topologically trivial and nontrivial states, or (iii) from Dirac to Weyl systems. 17 A very promising candidate family for such studies is tetrel inverse perovskites, A 3 BO. 18 A recent detailed synthesis and structure determination study showed that while many members of the series are orthorhombic, an important subset (A = Ca, Sr, Eu/B = Pb, Sn) is cubic. This is crucial in that only in these cubic systems, a C 4 symmetry axis necessary to protect Dirac points exists. [19] [20] [21] [22] In Fig. 1(a) , the inverse perovskite crystal structure and electronic band structure of Sr 3 PbO are shown. The general features are common to all nonmagnetic members of the family and have been experimentally confirmed in the case of Ca 3 PbO for energies 200 meV below the Dirac point by soft x-ray ARPES. 23 The nominal ionic character is Sr 2+ 3 Pb 4− O 2 . At the Fermi energy, Pb 4− states are dominating the valence bands, while Sr 2+ states dominate the conduction bands. Due to strong spin orbit coupling, these bands overlap at the Γ point by ∼500 meV. Hybridization opens an angle dependent gap with a maximum value of ∼200 meV along the Γ-M line. Along the C 4 symmetric Γ-X axis, the gap is effectively zero due to the symmetry properties of the dominant orbital character of the conduction and valence bands at the Fermi energy. This gives rise to 6 symmetry equivalent Dirac points at the gap nodes. The admixture of energetically higher orbitals in combination with spin-orbit-coupling allows in principle for a small Dirac mass gap to open. The band structures of the other members of the family are shown in supplementary material, Sec. 1.
One of the attractive features of this class of materials is the possibility of chemically tuning their properties, as exemplified in Fig. 1(b) . Sr 3 SnO can be seen as the compound in the series closest to an ideal Dirac system. First of all, the mass gap at the Fermi energy is below that reliably resolvable in ab initio calculations (<10 meV) and currently unresolved in experiments. Second, the Fermi velocities show the lowest anisotropy factor in the series of ∼1.5. This low anisotropy marks Sr 3 SnO one of the most isotropic Dirac materials compared to, e.g., Na 3 Bi or Cd 3 As 2 which have anisotropies of order 10. 13, 14 Replacing Sn by Pb increases the role of spin-orbit coupling at the Fermi energy, giving rise to the opening of a sizeable finite mass gap of at least 20 meV. At the same time, substituting Ca for Sr moves the Dirac point closer to the Γ point, resulting in a significantly stronger anisotropy of the Fermi velocities of up to ∼4. We furthermore successfully synthesized intermediate compounds such as Sr 3 Pb 0.5 Sn 0.5 O, demonstrating the possibility of continuous chemical tuning. Finally, one can introduce magnetism and potentially lift the Kramers degeneracy by replacing Sr/Ca with Eu 2+ , allowing for the stabilization of Weyl points by time reversal symmetry breaking in the band structure.
In the present study, we make extensive use of magnetization and torque measurements establishing the existence of Dirac electrons at the Fermi energy in Sr 3 SnO, Sr 3 PbO, Ca 3 SnO, and Ca 3 PbO. Furthermore, we will present magnetization and magnetotransport data for Eu 3 PbO and Eu 3 SnO. These unveil localized spin-7/2 moments originating from Eu 2+ , which order antiferromagnetically at low temperatures with a series of ferrimagnetic and ferromagnetic phases stabilized at a finite magnetic field. Our band structure calculations show that this opens up the possibility for magnetic control of the Dirac-and Weyl-fermion dispersions in Eu 3 PbO and Eu 3 SnO.
RESULTS

Nonmagnetic compounds (Sr/Ca) 3 (Sn/Pb)O
All samples were synthesized, as described in Ref. 18 . Due to the air sensitivity of these materials, special precautions are required with more detail given in supplementary material, Sec. 2. The typical product consists of crystallites with sizes of less than 50 μm with a few crystals per batch as large as 500 μm. We confirmed that the large crystallites are indeed the target phase and not a minority phase via single crystal x-ray diffraction. In the case of Sr 3 PbO, which yielded the biggest crystallites, we performed single crystal ARTICLE scitation.org/journal/apm magneto-transport measurements. In Fig. 1 (c), we show a typical resistivity curve. 22 While these data and more detailed results are reported elsewhere, 22 the most relevant point here is that all asgrown single crystals showed metallic transport. Typical room temperature resistivities are of the order of 700 μΩ cm, and residual resistivity ratios of 5-10 were achieved. Hall measurements are consistent with a holelike carrier concentration of the order of 10 18 cm −3 with a Hall mobility of 4.4 × 10 4 cm 2 /V s, 22 both comparable to other Dirac electron materials. [13] [14] [15] [16] [17] For comparison, we performed transport measurements on pressed pellets of powder samples on the A = Sr, Ca/B = Pb, Sn members of the family. These showed transport behavior consistent with the single crystal measurements (supplementary material, Sec. 3) and previous reports. 22, 24 In Fig. 1(d) upper panel, we present the magnetic susceptibility as a function of temperature for the four different compounds as well as Sr 3 Pb 0.5 Sn 0.5 O (corrected for paramagnetic impurities at lowest temperatures). All samples show a roughly temperature independent diamagnetic susceptibility of the order of −10 −4 emu/mol. In the case of Sr 3 PbO, we furthermore show in the lower panel of Fig. 1 (d) the result from measurements across several batches. These reveal a significant variation of ∼±50%. The origin of this variation is most likely the difference in carrier concentration in combination with a strongly energy dependent orbital diamagnetism, as discussed below. The general trend is that batches with the largest diamagnetism showed the smallest frequencies in the quantum oscillation experiments discussed below (see supplementary material, Sec. 4), indicating that susceptibility measurements correlate with the effective Fermi energy in these samples.
Quantum oscillations in magneto-torque
In order to fully establish the existence of Dirac electrons in the nonmagnetic members of the family, we carried out magneto-torque (τ = M × H) measurements in search of quantum oscillations. The primary reason for the choice of technique, previously, e.g., used for Bi, 25 is that cubic materials have no intrinsic magnetic torque response. Therefore, there is no intrinsic background signal except that from shape anisotropy of the Fermi surfaces originating from anisotropic Fermi velocities. 26 We selected crystallites of >(100 μm) 3 in size with flat reflective surfaces for these experiments. Single crystal x-ray measurements showed that these surfaces are high symmetry surfaces of predominantly [001] orientation (see supplementary material, Sec. 5).
In Fig. 2 (a), we show an example of the resulting torque signal in Sr 3 PbO. Throughout the paper, we plot the reduced torque τ red = M × H/|H| = τ/H. The oscillations are clearly discernible, and the identification of minima and maxima can be used to calculate the frequency of these oscillations as F = 4.6 T. The evolution of the oscillation as a function of applied field direction can be easily followed in torque, as shown in Fig. 2 (b) (in order to give equal emphasis to oscillations at all fields we are plotting dτ/dH in all color plots). Here, the extrema/inflection points for a high 
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scitation.org/journal/apm symmetry direction are marked with their linear dependence on the inverse magnetic field demonstrated in the inset. Since only few oscillations are traceable, the easiest way to extract an effective mass m * is to follow the temperature dependence of one of the extrema, as shown in Fig. 2(c) . In the inset, we show the amplitude at 6.5 T together with the corresponding Lifshitz-Kosevich fit, giving m * = (0.016 ± 0.001)me.
In order to further elucidate the Fermi surface structure, we studied the angular dependence in more detail. Based on our band structure calculations in combination with the hole-doped character of the magneto-transport, 22 the Fermi surfaces should be well described by prolate ellipsoids. Such a model is characterized by a longitudinal (transverse) Fermi momentum k || (k ) and velocity v || (v ) along (perpendicular to) the high symmetry Γ-X direction [see the inset of Fig 2(d) and Ref. 22] . Based on these assumptions, we simulated the signal as a function of inverse field and angle. In Fig. 2(d) , the result for a rotation of the field in a plane perpendicular to [100] is shown, revealing a characteristic "fingerprint" of the oscillation pattern in dτ/dH. One pair of Fermi surfaces does not contribute due to the fact that the signal is proportional to the gradient of the frequency F with respect to the angle with the applied field Θ, dF/dΘ, which for that pair is zero. The other two pairs of Fermi surfaces contribute equivalent signals which are shifted by 90 ○ [indicated by the white and black dashed lines in Fig. 2(d) ], resulting in the characteristic fingerprint. As can be shown by simple geometric arguments, it is possible to determine all characteristic parameters by analysis of the oscillations for two distinct high symmetry angles only (e.g., 0 ○ and 45 ○ ). In Fig. 2(e We extended these studies to the other three members of the series-Sr 3 SnO, Ca 3 PbO, and Ca 3 SnO. In Figs. 3(a)-3(c), we show representative measurements of τ red as a function of inverse magnetic field for a range of temperatures for each of these materials. Based on the Lifhshitz-Kosevich fits to the amplitude shown in the upper inset, these reveal very light masses of (0.043 ± 0.002)me, (0.13 ± 0.015)me, and (0.10 ± 0.01)me in combination with small average Fermi wave vectors of 0.06 Å −1 , 0.16 Å −1 , and 0.11 Å −1 for Sr 3 SnO, Ca 3 SnO, and Ca 3 PbO, respectively. All materials reveal qualitatively the same characteristic fingerprint of pairs of ellipsoidal Fermi surfaces, as can be deduced from the angular dependency of the quantum oscillations shown in the lower insets of Figs. 3(a)-3(c). Due to the reduced data quality of these lab-based experiments below 14 T, compared to the facility based high field experiments up to 33 T discussed above, a detailed data analysis as in the previous case is not possible.
Magnetic compounds Eu 3 (Pb/Sn)O
We now turn our attention to the Eu based magnetic compounds in this family. In Fig. 4(a) , we show the resistivity as a function of temperature measured on pressed powder pellets of Eu 3 PbO and Eu 3 SnO. At high temperatures, they show metallic behavior similar to the nonmagnetic compounds. However, at ∼40 K, both materials have a pronounced upturn in resistivity with a sharp drop at lower temperatures. This behavior is consistent with conduction electrons strongly scattering off spin fluctuations at high temperatures which are strongly suppressed in the ordered phase. The temperature dependent magnetic susceptibility χ for both compounds shown in Fig. 4(b of magnetic field at the lowest temperature [ Fig. 4(c) ] on powder samples reveal a complicated phase diagram, the details of which are outside the scope of this paper. The most relevant point here is that in both compounds, a series of similar magnetization steps is observed, with the transition fields in the Pb compound differing from those in Sn by a factor of 2. In Eu 3 SnO, the fully polarized state is reached at ∼4 T. Without detailed knowledge of the arrangement of these magnetic moments, no definite statement on the band structure in the antiferromagnetic and ferrimagnetic phases is possible. However, a band structure calculation is possible assuming localized Eu moments for both the paramagnetic (M = 0) and the fully polarized phases with moments along [001]. The results are presented in Fig. 4(d) for high symmetry directions. The paramagnetic phase on the left-hand side shows a band structure qualitatively identical to that of the 3D Dirac compounds discussed above. Contrary to this, the polarized phase exhibits a strongly lifted Kramers degeneracy due to time reversal symmetry breaking. Plotting the band dispersion for momentum directions parallel (Γ-Z) and perpendicular (Γ-X) to the applied field unveils widely differing band structures emerging from Dirac points now located at crystallographically distinct k-points. The positions of Weyl points are marked by blue arrows. The point marked by a red arrow corresponds to an effectively threefold degenerate point (lifted by spin-orbit coupling).
DISCUSSION
Our resistivity measurements reveal all cubic tetrel inverse perovskites studied by us to be metallic, with magnitudes indicating low carrier concentrations consistent with a doped narrow gap semiconductor. For (Ca/Sr) 3 (Pb/Sn)O, this is fully confirmed by the magnetic susceptibility. All samples showed a nearly temperature independent diamagnetic susceptibility of close to −1 × 10 −4 emu/mol. This magnitude is of the order of the intrinsic core diamagnetism expected and therefore excludes any large Pauli paramagnetic contribution from free carriers.
What is surprising, however, is the strong variation of the magnetism with carrier concentration that becomes apparent in our measurements on several batches of Sr 3 PbO [ Fig. 1(d) ]. Comparing the frequencies observed in quantum oscillation experiments with band structure calculations 22 places the Fermi energies at approximately −70 meV (batch No. 7), −100 meV (batch No. 20) and −130 meV (batch No. 75). If one naively assumed Pauli paramagnetism with a Wilson ratio of 1, this would result in a change in χ of less than 10 −5 emu/mol, inconsistent with the observed changes. A natural candidate to explain this discrepancy is the giant orbital diamagnetism predicted theoretically 21 to vary by approximately 1 × 10 −4 emu/mol if the Fermi energy differs from the Dirac point energy. Alternatively, an enhanced spin g factor could lead to an enhanced Zeeman splitting. To further disentangle spin and orbital contributions to the magnetism, detailed NMR measurements will be carried out in future studies.
Let us now turn our attention to the magneto-torque measurements. Here, we showed that the angular dependency of the observed quantum oscillations is consistent with prolate ellipsoid Fermi surfaces. For the Sr 3 PbO sample shown in Fig. 2(e) , the observed Fermi velocity anisotropy is ∼3, consistent with the band structure predictions. The measurement of the effective mass m * allows us to simultaneously determine the Dirac electron velocity vF = ̵ hkF/m * and Dirac energy ED = ̵ hkFvF 22 [for the sample shown in Fig. 2(c) , an average vF ≈ 5 × 10 5 m/s and kF ≈ 0.01 Å −1 ARTICLE scitation.org/journal/apm correspond to a Fermi energy of approximately −70 meV]. To appreciate this combination of Fermi velocities and momenta, it is worth noting that these are comparable to those observed in Cd 3 As 2 (see, e.g., Ref. 13) . This is in stark contrast to a low doped semiconductor such as SrTiO 3 which for similar Fermi momenta has Fermi velocities approximately two orders of magnitude smaller. 27 This is ultimately the source of the anomalously large observed mobilities μ ∝ v F /k F since v F /k F diverges as 1/(ε − ε D ) for Dirac systems but is constant in conventional semiconductors. Furthermore, since no features inconsistent with our assumptions, or higher frequencies indicating further bands, are observed, this allows us to calculate the overall carrier concentration n in these samples. Assuming six spin-degenerate Fermi surfaces, as shown in the inset of Fig. 2(c) , we find n = 7 × 10 17 for the sample shown in Fig. 2 (e) and n = 3.5 × 10 17 cm −3 for a second sample measured by us (see supplementary material, Sec. 6).
A further key quantity of quantum oscillations is their phase, which should be π for an ungapped Dirac electron material, reflecting the intrinsic Berry curvature of the band structure. In the case of a finite mass gap at the Dirac point combined with particle-holesymmetry breaking of the dispersion, a deviation from this ideal value is possible. For a simple model Hamiltonian, the deviation of the quantum oscillation phase from quantization has been shown, for example, in Ref. 28 . In general, the total phase is influenced by a combination of Berry phase, orbital moment, and Zeeman splitting. A detailed discussion has recently been provided by Alexandradinata et al. 29 The phase deduced by us is clearly angle dependent as can be seen, e.g., from the angle dependent intercept of the fits to the oscillation indices in the inset of Fig. 2 (e) (analysis for a second sample is shown in supplementary material, Sec. 6). Note that while it is not straightforward to extract the absolute phase from oscillations in torque, here we solely focus in variations with angle. A careful examination of the band structure in our density functional theory (DFT) calculation however reveals that our Fermi energy of only ∼−70 meV is already sufficiently large for deviations from linearity (indicative of effective particle-hole symmetry breaking) to occur in some momentum directions (supplementary material, Sec. 1). This is the most likely source of the observed angle dependence of the phase. 28, 29 Finally, for Sr 3 PbO, we should comment that in our cleanest samples, we reach the ultraquantum limit in which all carriers reside in the lowest Landau level at approximately 10 T, yet we do not observe any signatures indicating new physics for fields up to 33 T.
The same characteristics are qualitatively observed in Sr 3 SnO, Ca 3 PbO, and Ca 3 SnO. While the measured quantum oscillation frequencies are higher, indicating larger carrier concentration, the combination of extremely small k F with very large v F clearly also puts these compounds into the class of Dirac materials. In combination with the observed angular variations, this broadly confirms the electronic structure predicted by DFT calculations based on which these materials are classified as topological crystalline insulators. 30, 31 It is known that Dirac electron materials can be turned into Weyl systems if appropriate magnetism is introduced. 4-11 This motivated the synthesis of the Eu compounds presented above. Our susceptibility and resistivity measurements show that at high temperatures, fluctuating well localized spin-7/2 moments originating from Eu 2+ ions exist in a metallic environment. Our results furthermore demonstrate that magnetic order is stabilized at low temperatures. The exact magnetic structure needs to be determined by neutron experiments which is extremely challenging due to the large absorption cross section of Eu. However, the field dependent measurements show that an almost fully polarized phase can be reached within experimentally accessible limits. Here, our band structure calculations predict a splitting into two Weyl points for Dirac points along the field direction and the stabilization of threefold degenerate points at the remaining Dirac points. Such a phase naturally has Fermi arc dispersions on surfaces 12 opening the possibility of magnetic control of a chiral surface state. Intriguingly, this fully polarized phase is reached from the zero-field antiferromagnetic state via several intermediate ferrimagnetic phases of as yet undetermined topological character. Detailed magnetization and magneto-transport measurements together with neutron scattering and potentially magnetic field dependent STM studies are required to further investigate the complex phase diagram and topological nature of the phase transitions indicated by the field dependent magnetization.
CONCLUSION
In conclusion, we have established tetrel inverse perovskites as a rich playground for Dirac and Weyl physics. These materials allow for unprecedented chemical control of Dirac electron properties. Together with the possibility of thin film growth, 32 this is an important step in exploring the possibility of controlling Dirac physics in this family and, in particular, the consequences of topological phase transitions such as the evolution from Dirac to Weyl Fermion physics in Eu based compounds. For these, we unveiled a complex series of magnetic phases at low temperatures allowing for the evolution of an antiferromagnetic to a fully polarized phase via at least two further (ferri-) magnetic phases. The full determination of the phase diagram together with a determination of the magnetic structures will be an important contribution to this fast-developing field.
SUPPLEMENTARY MATERIAL
See the supplementary material for (i) band structure details; (ii) sample preparation, handling, and storage; (iii) transport measurements; (iv) quantum oscillation measurements on further samples; (v) single crystal orientation measurements; and (vi) further details on magneto-torque measurements in high magnetic fields.
